OBJECTIVES: Due to the need for suitable donors for heart transplantation (HTx), older grafts and grafts with prolonged graft ischaemic time (GIT) are accepted. The impact of GIT and donor age on post-transplant cardiac function has not been examined with either newer echocardiographic techniques (tissue Doppler imaging, TDI) or cardiopulmonary exercise testing (CPET). Thus, we studied the influence of GIT and donor age on post-transplant cardiac function and exercise capacity.
METHODS: Fifty-two stable recipients underwent echocardiography with colour TDI and CPET at a median of 4 years after HTx. Left ventricular (LV) systolic (s 0 ) and early diastolic (e 0 ) mitral annular velocities, right ventricular (RV) s 0 , RVe 0 as well as LV ejection fraction (EF) and VO 2peak were analysed.
RESULTS:
HTx recipients with GIT ≥ median value (200 min) had significantly lower septal LVs 0 (15%, P = 0.005), LVEF (9%, P = 0.015), RVs 0 (21%, P = 0.007), septal LVe 0 (22%, P = 0.001) and RVe 0 velocities (23%, P = 0.011), and slightly lower VO 2peak (P = 0.098). Recipients with grafts from donor ≥median age (37 years) had significantly lower LVe 0 velocities (septal LVe 0 P = 0.047 and lateral LVe 0 P = 0.010), but not LV systolic or RV parameters.
INTRODUCTION
The shortage of cardiac allografts is a major limiting factor for heart transplantation (HTx) and, therefore, both older grafts and prolonged graft ischaemic time (GIT) are accepted. Guidelines recommend pretransplant GIT <4 h, particularly when donor age is >45 years [1] . However, the knowledge of how GIT affects posttransplant cardiac function and exercise capacity is limited. Clinical studies on GIT have focussed on long-time survival after HTx [2] [3] [4] [5] . While some studies have reported that prolonged GIT does not influence recipient survival after HTx, others indicate that extended GIT impairs patient survival, especially when the donor is of older age [2] [3] [4] [5] . In healthy individuals, diastolic function is impaired with increasing age [6, 7] .
The non-invasive echocardiographic technique tissue Doppler imaging (TDI), enables the measurement of both systolic and diastolic myocardial function on a beat-to-beat basis [8] . Myocardial velocities are regarded as more sensitive markers of myocardial function than traditional echocardiographic measurements, such as ejection fraction (EF) and mitral flow velocities [9, 10] . Whereas echocardiography measures cardiac morphology and function, cardiopulmonary exercise testing (CPET) measures exercise capacity, which is a valuable tool in evaluating cardiac function and prognosis . The influence of GIT and donor age on cardiac function has not been investigated with either newer echocardiographic techniques or with CPET.
Thus, our hypothesis was that prolonged GIT and increased donor age impaired cardiac systolic and diastolic function, and that this impairment could be detected with newer echocardiographic techniques and CPET.
MATERIALS AND METHODS

Study population
Our study population consisted of HTx recipients scheduled for an annual follow-up between 2009 and 2010. The inclusion criteria were assessment 1-8 years after HTx, optimal medical treatment, stable clinical condition and the ability to perform maximal exercise testing. Exclusion criteria were heart failure, clinical signs of rejection, atrial fibrillation, need for revascularization or other intervention. All recipients had bicaval right atrial anastomosis. From a cohort of 192 HTx recipients, who were transplanted 1-8 years earlier, we asked 106 HTx recipients to participate. Forty-nine recipients declined participation in the study; 14 due to functional disabilities, 11 did not want to participate and 24 due to other reasons. From the 57 recipients who accepted participation, one acceptance was withdrawn and 4 patients were excluded due to logistics. Thus, totally, 52 HTx recipients were finally included in the study.
Donor hearts were perfused with 1000 ml St Thomas II solution at 4°C for cardioplegia, and then transported immersed in Ringers solution at 8°C between harvest and implantation. All recipients had bi-caval right atrial anastomosis, and all recipients were on conventional immunosuppressive treatment (Table 1) . Previous rejections had been treated according to the guidelines [1] . All participants were >18 years of age, and all gave written informed consent. The study was approved by the South-East Regional Ethics Committee in Norway and conducted according to the declaration of Helsinki.
Echocardiography
Echocardiography was performed either with GE Vivid 7 or E9 with a phased-array sector transducer (GE Vingmed Ultrasound, Horten, Norway). The echocardiographic data were stored digitally and analysed off-line in dedicated software (EchoPAC, GE Vingmed Ultrasound). Two-dimensional grey-scale echocardiographic recordings and additional colour TDI (cTDI) of standard apical projections (four chambers, two chambers and long axis) comprising three consecutive heart cycles each were obtained according to recommendations [11] . Blood-flow velocities in the left ventricular (LV) outflow tract and mitral inflow were obtained from the apical position using pulsed-wave Doppler with the sample volume at the aortic annulus and tip of mitral leaflets, respectively. Brachial arterial blood pressure was obtained as the mean of a triplet reading by the oscillometric technique (Dinamap, ProCare, GE).
The average of at least three cardiac cycles was used in analysis of Doppler recordings. LV early (E) and late (A) mitral inflow velocities, deceleration time of the E-wave (DT) and isovolumic relaxation time (IVRT) were measured from the pulsed-wave Doppler signal. LV mitral annular velocities in systole (LVs 0 ), early (LVe 0 ) and late diastole (LVa 0 ) were measured at both septal and lateral mitral annular regions by cTDI (Fig. 1) [8] . LV systolic mitral annular displacement (distance) was calculated by integration of tissue Doppler velocity signals (distance per time) at the same sites. LV septal and lateral values were presented separately, as velocities and distance differ between myocardial segments [12] . The ratio of early diastolic mitral flow velocity (E) to early diastolic mitral annular velocity (LVe 0 ) was calculated. The E/e 0 indicates LV filling pressure non-invasively and has also been validated in HTx recipients [13, 14] . Right ventricular (RV) systolic and early diastolic annular velocities (RVs 0 and RVe 0 ), as well as RV displacement, were measured in the lateral tricuspid annular region in the apical four-chamber view by cTDI [7] . LV peak-systolic longitudinal strain was measured using speckle-tracking echocardiography (twodimensional strain method) in an 18-segment model, converted into a 16-segment model [11] . LV global longitudinal strain was obtained by averaging the peak-systolic shortening of the 16-segment model. Subjects with <8 of the 16 segments evaluable were not included in the analyses (n = 8). LVEF and LV volumes were measured by the modified Simpson's method using the four-and two-chamber views. The stroke volume (SV) was calculated from pulsed Doppler flow measurement in the LV outflow tract, assuming a circular aortic annulus. Systemic arterial compliance was obtained as the ratio of SV/pulse pressure (ml/mmHg).
Cardiopulmonary exercise testing
The maximal exercise capacity was tested with a modified treadmill walking test, following the European Society of Cardiology's recommendations for CPET in chronic heart failure patients [15] . During a 10-min warm-up period, the participants individually adjusted their band speed (3-6 km/h), which was constant for the rest of the test. Inclination increased by 2% every second minute ('walking uphill') until exhaustion. A Borg score >18 and/or respiratory exchange ratio ≥1.05 were used as criteria for an adequate maximal exercise test. Study participants were monitored by continuous 12-lead electrocardiogram (ECG) and blood pressure every second minute. The average of the three highest 10-seconds measurements during exercise determined VO 2peak . Predicted values were based on the American College of Sports Medicine 2009 guidelines [16] .
Coronary angiography and endomyocardial biopsies
All but 3 HTx recipients underwent coronary angiography at their annular medical follow-up to evaluate for cardiac allograft vasculopathy. We classified vasculopathy as follows: (i) severe vasculopathy: significant stenosis, i.e. ≥50% of lumen diameter in ≥1 major epicardial graft vessel(s) and/or >70% in ≥2 distal branches; (ii) moderate vasculopathy: non-significant stenosis, i.e. 33-50% of lumen diameter in ≥1 major epicardial graft vessel(s) and/or >70% in one distal branch; (iii) mild vasculopathy: luminal irregulations, i.e. stenosis <33% of lumen diameter in ≥1 major epicardial graft vessel(s). All angiograms were reviewed by experienced invasive cardiologists and compared with angiograms from previous years to detect the presence of luminal irregularities or obstructions. Endomyocardial biopsies were performed using standard procedures in HTx recipients who were attending their first (n = 9) or second (n = 6) annular medical follow-up visit and in 3 of the 7 recipients on their third annular visit. Regular blood biochemistry screening was performed.
All examinations and analyses were performed blinded to information regarding donor characteristics and GIT.
Statistics
Continuous variables are presented as mean ± standard deviation (SD) or as median (range) in the case of non-symmetrically data sample distribution. The two-sided independent unpaired t-test or the Mann-Whitney U-test was performed as appropriate. Categorical variables were compared using the χ 2 test or Fisher's exact test. Pearson sample correlations were performed between continuous variables of cardiac function (myocardial annular velocities) and potential predictors (donor age, GIT, warm ischaemic time, body mass index (BMI), gender, recipient age, prior rejections, donor cause of death, donor-recipient gender mismatch and VO 2peak ), and between the predictors. Multiple linear regression analyses, using the hierarchical, forced entry (enter) model, were performed in order to (i) evaluate for the effect of both GIT and donor age on cardiac function and (ii) identify a model with several predictors with cardiac function as the dependent variable. In the latter regression analysis, predictors with a significance level of the Pearson correlation coefficient <0.2 were included in the multiple linear regression analysis. Thereafter, several custom models were made until a model with significant predictors was identified. The model assumptions were thoroughly checked for multicollinarity and possible interactions. The multiple linear regression analyses are presented with a model summary R 2 (i.e. coefficient of determination), B (i.e. unstandardized regression coefficient) and a P-value (i.e. testing whether B = 0).
Differences were considered significant for P-levels <0.05. Statistical analyses were performed using the standard software (SPSS version 18.0, SPSS, Inc., Chicago, IL, USA).
RESULTS
HTx recipients and donor characteristics
The study cohort consisted of 52 HTx recipients, comprising 37 men and 15 women. Recipient age at inclusion was 52 ± 16 years and median time since HTx was 4.0 (range 1-8 years). Donor age a n = 22 in the GIT <200 min group and n = 22 in the GIT ≥200 min group. b n = 25 in the GIT <200 min group and n = 24 in the GIT ≥200 min group. The International Society for Heart and Lung Transplantation (ISHLT) grading system for heart rejections (17).
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was 36 ± 13 (11-58 years), and median GIT was 200 (44-301 min).
Nineteen recipients had GIT <2 h, 19 between 2-4 h and 14 had GIT > 4 h. The distribution of GIT reflects the geographical diversity in Norway, where donor hearts with short GIT are from the transplant centre or nearby hospitals, and donor hearts with long GIT are predominantly from distant hospitals. There were donorrecipient gender mismatch in 12 recipients; 2 female recipients had male donors and 10 male recipients had female donors. All underwent echocardiography and CPET, except 1 who declined CPET due to acute arthritis urica. None had severe vasculopathy on angiography, but 15 recipients (31%) had mild vasculopathy and 2 recipients had moderate vasculopathy. One asymptomatic recipient had a rejection of grade 1R detected by routine myocardial biopsy, considered insignificant and not requiring specific treatment [17] .
Graft ischaemic time and cardiac function
For the purpose of analysis, recipients were separated into two groups with GITs above or below the median (200 min), respectively (Table 1 ). There were no significant differences in demographics, aetiology of heart failure, incidence of coronary vasculopathy, donor age, mechanisms of donor brain death or time since HTx between the groups. Recipients with GIT ≥200 min had significantly higher N-terminal prohormone of brain natriuretic peptide (NT-proBNP; P = 0.026) and longer warm ischaemic time (P = 0.005). There were no differences between the groups in the frequency or grade of previous heart rejections. There were no differences in medications between groups. Recipients with GIT ≥200 min had significantly lower septal LVs 0 and RVs 0 velocities (15 and 22%, respectively) than those with GIT <200 min ( Table 2 and Fig. 2 ). Non-significant differences were found in lateral LVs 0 and in LV and RV annular displacement. EF was significantly lower in recipients with GIT ≥200 min, while LV global longitudinal peak-systolic strain was equal in the two groups. Looking into the diastolic parameters, recipients with GIT ≥200 min had significantly lower septal LVe 0 and RVe 0 velocities (22 and 23%, respectively) than those with GIT <200 min ( Table 2) . Non-significant differences were found in lateral LVe 0 . E was equal in both groups and septal E/e 0 tended to be higher in the group with GIT ≥200 min (P = 0.062). No significant differences were found in LV a 0 , E/A, DT, IVRT or estimated systemic arterial compliance.
Peak VO 2 was slightly lower (10%) among patients with GIT ≥200 min (P = 0.098).
We also separated the recipients into groups with GITs above or below 100 min and found principally the same result as separating them at the median: septal LVs 0 , septal LVe 0 , RVs 0 and EF were significantly lower in those with GIT <100 min, whereas RVe 0 reached borderline significance (P = 0.056). Also, when separating the recipients into groups with GITs above or below 4 h, we found significantly lower septal LVe 0 , RVs 0 and RVe 0 , while septal LVs 0 (P = 0.067) were lower in those with GIT <4 h. 
Donor age and cardiac function
Due to the known relation between age and diastolic function, we also grouped the HTx recipients according to median donor age (37 years). Recipients with donor age ≥37 years had significantly lower LVe 0 velocities, both septal and lateral, than those with younger donors (Table 3) . Furthermore, E/e 0 was significantly higher and DT was longer in recipients with older donor hearts. However, no significant differences were found between groups in systolic annular velocities and displacement, EF, LV global longitudinal peak-systolic strain, estimated arterial compliance or exercise capacity. There were no significant differences in gender, BMI, aetiology of heart failure, medications, time since HTx, warm ischaemic time, incidence of coronary vasculopathy or other clinical characteristics (data not shown). In the group with donor Values are expressed as mean ± SD. BP: blood pressure; CI: cardiac index; CO: cardiac output; DT: deceleration time of early diastolic mitral flow velocity; E: early diastolic mitral flow velocity; e 0 : early diastolic annular velocity; E/A: ratio of early-to-late mitral flow velocity; EF: ejection fraction; GIT: graft ischaemic time; HR: heart rate from echocardiography; IVRT: isovolumic relaxation time; LV: left ventricle; RV: right ventricle; s': systolic annular velocity; SV: stroke volume. a n = 22 in the GIT <200 min group and n = 22 in the GIT ≥200 min group. b n = 25 in the GIT <200 min group and n = 26 in the GIT ≥200 min group. Values are expressed as mean ± SD. CI: cardiac index; CO: cardiac output; DT: deceleration time of early diastolic mitral flow velocity; E: early diastolic mitral flow velocity; e 0 : early diastolic annular velocity; E/A: ratio early-to-late mitral flow velocity; EF: ejection fraction; LV: left ventricle; RV: right ventricle; s 0 : systolic annular velocity; SV: stroke volume. a n = 22 in the donor age <37 years group and n = 22 in the donor age ≥37 years group. b n = 25 in the donor age <37 years group and n = 26 in the donor age ≥37 years group. age <37 years, recipients were younger (median 52 (20-69) vs 61 (19-72) years; P = 0.15), and GIT was shorter (189 (46-291) vs 210 (44-301) min; P = 0.28). Donor brain death due to intracerebral haemorrhage was significantly more frequent in donors >37 years old (7 vs 15, P = 0.032). (Fig. 3 ). There were no correlations between GIT and VO 2peak , GIT and donor age, recipient age and donor age or between warm ischaemic time and LVs 0 and LVe 0 septal and lateral. In multiple regression analysis with septal LVe 0 as a dependent variable, a model was identified (R 2 0.24, P = 0.002) with GIT in minutes (B = −0.008, P = 0.004) and donor age (B = −0.034, P = 0.059) as predictors, controlling for each other. 
Correlation and linear regression analysis
Comparability
The HTx recipients included in the present study were compared with the 135 recipients who were not asked or did not want to participate in the present study. There were no significant differences in age (median 58.0 vs 59.0 years, P = 0.20, for attending vs not-attending recipients, respectively), BMI (27.3 ± 5.4 vs 26.9 ± 4.3, P = 0.68, for attending vs not-attending recipients, respectively), gender or pretransplant diagnosis between those who attended and those who did not want to participate in the present study.
DISCUSSION
The main finding of the present study is that both systolic and diastolic heart transplant function are reduced in stable HTx recipients with prolonged GIT as assessed by reduced mitral annular velocities of the interventricular septum (IVS) and the RV, as well as LVEF. The present study also demonstrates that increasing donor age, but not recipient age, was associated with an impaired LV diastolic function in stable HTx recipients. These abnormalities were associated with increased NT-proBNP, but neither with exercise capacity nor coronary artery vasculopathy.
Cardiac function and ischaemic time
There are few studies regarding GIT and cardiac function shortterm post-HTx. Whereas Fernandez et al. [18] reported a lower LVEF 48 h after HTx in recipients with prolonged GIT, Pflugfelder et al. [19] did not find any effect of GIT on LVEF, neither after 3 nor 12 months. In paediatric HTx recipients with GIT >4 h, a decreased diastolic posterior wall movement was found in the first week after HTx, whereas no impairment in systolic fractional shortening was found [20] . However, none of these studies used a comprehensive echocardiographic approach with TDI and diastolic cardiac bloodflow velocities, as in the present study.
The occurrence of abnormal IVS motion and RV dysfunction, both in systole and diastole, after cardiac surgery involving cardiopulmonary bypass have been well documented [21] [22] [23] [24] . Eroglu et al. [12] found that HTx recipients had lower systolic velocities, strain rate and strain values at septal LV and RV free wall when compared with healthy age-matched controls, while Fyfe et al. [25] found both systolic and diastolic dysfunction in basal segments at septal LV and RV free wall in paediatric HTx recipients compared with healthy age-matched controls. Interestingly, these are exactly the same myocardial segments where we found the highest impact of GIT in our study. Thus, it seems likely that a transplanted heart demonstrates similar cardiac abnormalities as observed in native hearts following conventional cardiac surgery with cardiopulmonary bypass, but that this postoperative impairment in myocardial contraction and relaxation patterns is accentuated by a prolonged GIT in HTx recipients.
The underlying mechanism for these changes after conventional cardiac surgery has not been well understood, but hypotheses relating pericardial changes and degree of myocardial preservation (ischaemia) during cardiopulmonary bypass have been proposed [23, 24] . In the present study, all recipients underwent the same surgical procedure. Pericardiotomy therefore, cannot explain the differences between the groups observed in this study. Thus, we assume that the systolic and diastolic impairments were strongly influenced by factors related to the prolonged GIT and preservation of the allograft.
Donor age and cardiac function
Increasing donor age was associated with an impaired LV diastolic function in stable HTx recipients, as assessed by the decreased LVe 0 (both septal and lateral), the increased E/e 0 ratio and the prolonged DT. Prior studies have shown that diastolic function is impaired with age, which is in agreement with our finding [6, 7] . Aging is associated with myocardial fibrosis, leading to increased stiffness of the myocardium. Both Dalen et al. [6] and Nikitin et al. [7] found decreasing LVs 0 and RVe 0 with increasing age in a population free from cardiovascular disease, and Dalen found decreased RVs 0 as well. We did not find any associations between donor age and systolic parameters or RV function. This might be due to the fact that Nikitin used subjects as old as 89 years, while in the present study no donors were older than 58 years.
Clinical implications
By use of sensitive echocardiographic techniques, we found a significant impairment of systolic and diastolic myocardial function in stable HTx recipients of donor hearts with either long GIT or older age. Thus, the duration of graft ischaemia and donor age should be taken into account when evaluating for cardiac dysfunction in HTx recipients. Considering the shortage of available donor hearts, these results do not support refusing donors with prolonged GIT or older age. However, the findings support the practice of the eager matching of younger donor grafts with younger recipients.
Study limitations
The selection criteria may potentially have introduced a selection bias since only clinically stable recipients were included. On the other hand, since the effect of longer GIT and higher donor age were still present in stable HTx recipients, we think that the results underscore the influence of GIT on transplant function. The present study was cross-sectional, thus the time of study after HTx was not equal. However, no significant difference in demographic parameters between the studied groups was present. Although the study population was heterogeneous in age, BMI and physical condition, there were no significant differences in pretransplant diagnosis, age, gender or BMI between those who attended and those who were not asked or did not want to participate in the present study. Thus, we think that the result of the present study represents stable HTx recipients in general.
It should be noted that possible long-term consequences of the GIT-related graft dysfunction, such as heart failure and mortality, have not been addressed. The recipients in the present study were included at different stages in post-HTx status. It would therefore be of interest to investigate how GIT and donor age influence cardiac function in a prospective study of newly transplanted HTx recipients.
CONCLUSION
Prolonged GIT impairs both systolic and diastolic function measured at the IVS and RV free wall in stable HTx recipients, while increasing donor age impairs LV diastolic function only. Although the impairment is moderate and does not influence exercise capacity, the duration of graft ischaemia and donor age should be taken into account when evaluating for cardiac dysfunction in HTx recipients.
